The absorption spectra of some crystalline and oriented solids have been measured using planepolarized infra-red radiation. The sample was examined successively with the direction of orientation of the crystals parallel or perpendicular to the direction of vibration of the electric vector in the polarized incident beam. Differences in relative intensity of the absorption bands have been found with many substances as the sample is rotated. These changes are particularly marked with vibration bands of polar linkages such as 0 = 0 , N-H or O-H, and in such cases where a particular absorption band can be assigned to some link or group it may be possible from measurements on the variation of intensities to determine the geometrical structure within the molecule. The method therefore promises to be a supplement to crystal analysis, or alternatively, if the molecular and crystal structure is known to help in the assignment of molecular vibration frequencies.
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The absorption spectra of some crystalline and oriented solids have been measured using planepolarized infra-red radiation. The sample was examined successively with the direction of orientation of the crystals parallel or perpendicular to the direction of vibration of the electric vector in the polarized incident beam. Differences in relative intensity of the absorption bands have been found with many substances as the sample is rotated. These changes are particularly marked with vibration bands of polar linkages such as 0 = 0 , N-H or O-H, and in such cases where a particular absorption band can be assigned to some link or group it may be possible from measurements on the variation of intensities to determine the geometrical structure within the molecule. The method therefore promises to be a supplement to crystal analysis, or alternatively, if the molecular and crystal structure is known to help in the assignment of molecular vibration frequencies.
Pleochroism of chemical compounds towards infra-red radiation has been little investigated, mainly perhaps because of the experimental difficulties in the measurements required. On both experimental and theoretical grounds it seemed now opportune to explore this phenomenon further. On the one hand there have been many improvements in the relevant technique, particularly in methods for measuring the feeble infra-red radiation; and on the other, the molecular arrange ment in solid aggregates of polymers and fibrous molecules has become a matter of great interest. Moreover, the use of polarized radiation forms one aspect of a wider investigation now in progress into the correlation of vibrational spectra with the structure of solids.
Pleochroism in the infra-red has a distinctive feature in th at some of the absorp tion bands may be associated with vibrations which are essentially localized in particular linkages, and with a crystalline or ordered structure the study of how the relative intensities of these absorption bands are affected by a change of orientation of the sample with respect to the plane of polarization of the incident beam of radiation may give a direct indication of the relative orientation of the linkages or groups. Its use as an adjunct to crystal analysis by X-rays is therefore obvious.
The reflexion of polarized infra-red radiation by crystals of inorganic salts was studied by Nyswander (1909) , and by Schaeffer & Schubert (1916 ,1921 . Alteration in the spectral reflectivity as the direction of the electric vector was arranged successively parallel to the different' crystal axes was found with carbonates, nitrates, sulphates, silicates, and other ionic crystals, and the results have been summarized by Schaeffer & Matossi (1930) . Until recently the only measurements with organic crystals appear to have been those of Ellis & Bath (1939) , who measured the infra-red absorption of pentaerythritol and diketopiperazine between 1 and 2*6/4 using polarized radiation, and found some evidence of pleochroism. Work in this restricted spectral region suffers from the disadvantage, however, th at only overtones or combinations of the highest fundamental frequencies due to stretching of CH, NH or OH links occur, whereas some of the most important effects are to be expected at longer wave-lengths. In the present work the measure ments are extended to 14/4 so as to include most of the fundamentals. A few years ago, oriented polythene was examined with polarized radiation (Thompson & Torkington 1945 a) but no definite result was obtained, although with such a non polar substance we might not expect it to be very marked. The measurements have now been extended to a number of organic crystals of simple molecules, and to some polymers, rubbers and protein-type structures, with more illuminating results. Crooks (1947) also has recently described similar investigations, and their corre lation with the X-ray analysis of several molecules.
E xperim ental method
At present the most satisfactory way of obtaining polarized radiation of wave length greater than 3/4 is by reflexion. We have used plane selenium mirrors with an angle of incidence of 71° as first suggested by Pfund (1906), and later described by Czerny (1923) . Measurements with sodium yellow light and Nicol prism indicated 97 % plane polarization. The mirrors were made by pouring selenium in the sticky state just above the melting-point on to a clean glass plate and pressing another thick glass plate above it. After cooling, the upper plate is removed and leaves a bright blue-grey flat mirror. After some practice it was possible to make rectangular mirrors about 3 x 7 in. in size and f in. thick. The mirrors seem to vary as regards retention of surface polish and general quality, probably due to inter conversion of allotropic forms, but we have obtained some which have retained their full efficiency for nearly a year. An alternative method is to use a thin film of selenium obtained by evaporation vacuo on to a glass surface. This method has recently been developed by Pfund, and was used by Ambrose & Elliott (1947) .
In the preliminary work we tried another method for obtaining the polarization using reflexion or transmission by a pile of flat sheets of silver chloride. This can be used successfully, but in our experience th at with a selenium mirror is simpler and better as regards the intensity of radiation obtainable.
The infra-red spectrometer was a single-beam automatically recording instru ment with rock-salt prism for work between 1 and 15 ft (Whiffen & Thompson 1945) . The arrangement of the external optical path and spectrometer is shown diagrammatically in figure 1, in which M2 is the selenium polarizer and all the other mirrors marked M are aluminized glass surfaces. M2 could be replaced by an aluminium mirror as required. The sample at is rotated about a horizontal axis lying in the direction of the incident beam. In order to obtain the required intensity, rather wide slits were used, their effective widths being about 10 cm.-1 between 9 and 14 ft, about 15 cm.-1 between 5 and 9 and rather greater at shorter wave-lengths.
Infra-red spectra and the solid state The specimens were prepared as follows. A small amount of the solid was melted between a pair of rock-salt plates. A cold metal rod was then drawn slowly across the plate so as to induce as far as possible the crystallization in oriented linear fashion. The process was not always successful, and in most cases only partial orientation could be achieved, but this was sufficient to obtain the changes described below. Films of rubbers, polymers and peptide materials were either cold drawn, or stretched whilst gently heated.
R esults a n d d isc u ssio n
Some typical absorption curves are shown in figures 2, 3 and 4. Two curves are shown for each substance, corresponding to settings of the crystals which differed by a rotation of the sample through 90°. Curves A were obtained with the direction of orientation of the crystals parallel to the electric vector of the incident beam, and curves B with a perpendicular arrangement. I t can be seen th at with all these substances the curves A and B show marked differences. When an aluminium mirror replaces the selenium polarizer, all the bands which appear in the separate cases appear together. These differences between curves A and B appear super ficially to be of three kinds, namely (a) a given band, whilst remaining at the same frequency, alters in intensity on passing from A to B,( (6) a band which is intense in either A or B is absent entirely in the other case, and (c) some bands seem to be slightly displaced in wave-length on passing from A to B. All these may in reality, however, arise from the same cause, and as regards (a) and (6) at least may only be differences of degree. I t is clear also th at unless the direction of the changing electric moment during a particular vibration coincides with one of the two principal directions named above, the maximum effect of the rotation through 90° will not be realized. This may also, in part, account for the comparatively small changes in spectrum sometimes found. More detailed measurements are now in progress in which the spectrum of the oriented crystals is measured a t successive rotations of a small angle with respect to the direction of the incident light vector, through the entire 360°. In this way by plotting the variation of intensity of each band as a function of azimuthal angle, it should be possible to derive much informa tion about the angles between important bonds. Figure 2 shows the results for three amides: acetanilide (CH3.C O .N H .C 6H 5), phenylacetamido methyl cyanide (C6H6.CH2.C O .N H .C H 2.CN) and benzamide (C6H 5.CO.NH2). In order to understand the full significance of the differences in each case between A and B, we need to know the nature of the vibration asso ciated with each of the absorption bands. This complete assignment of bands to normal modes cannot yet be carried out, but a few definite correlations are possible. With acetanilide, there are alterations in intensity of the N-H stretching vibration near 3350 cm.-1, of the C = 0 stretching mode near 1650 cm.-1, of the band near 1550 cm.-1 which has been attributed to the N-H bending mode (Richards & Thompson 1947) , and of the strong band near 760 cm.-1 which is due to an ' out-of plane' deformation of the C-H bonds of the substituted aromatic nucleus (Thompson & Torkington 19456; Whiffen & Thompson 1945 ). Other differences occur in the region 1200 to 1450 cm.-1, where deformations of the C-H linkages usually occur, and also between 900 and 1000 cm.-1. While it might be possible to estimate from the observed changes in relative intensity of some of the identifiable bonds the approximate values of some bond angles, this will not be done at present, since it is possible th at the effective thickness of the sample may have altered slightly during rotation. This calculation will be more convincing when results are available for more azimuthal angles of rotation, and the intensity of a given band can be related more satisfactorily to those of other bands in the spectrum. One point of immediate interest concerns the vibrations of the -CO-NH-grouping, for it is seen that when the stretching vibrations of the C = 0 and N-H bonds are strong, the band due to the N-H deformation is weak, and vice versa. If, as is now believed, the amide linkages in different molecules are associated together through hydrogen bridges of the type shown below, this would be easily explained. Conversely, we may use the result to support the assignment of the band at about 1550 cm.-1 to the N-H deformation.
Similar changes are found with the phenylacetamido methyl cyanide, with which the intensities of the C = 0 and N-H groups appear to behave as above, though the effect is perhaps not so clearly marked. Again there are variations in the bands between 850 and 1450 cm.-1, but these vibrations cannot be definitely assigned. It may be noted that the intensity of the stretching vibration band of the C = N link near 2300 cm.-1, not shown in the diagram, alters as the sample is rotated.
Benzamide shows many marked changes on passing from A to B, though few specific assignments can be made. In this case the key vibrations of the carbonyl and N-H linkages show alterations of intensity, but are not apparently in quite the same relationships as with acetanilide. This might well arise from a different directional disposition of the two bonds. It is evident th at a few examples are required in which the crystal structure has been established by X-ray analysis, so th a t application of the principles outlined can be tested before being used for purposes of prediction in other cases.
With diphenyl acetylene and benzil (figure 3) curves A and B show many changes of intensity, but the results suggest th at either the orientation was incomplete, or the maximum differences may not have been achieved owing to the directions of change of electric moment being oblique to the two principal directions of measure ment. Figure 4 shows two organic acids and one ester. With methyl cinnamate, rotation causes the intensity of the C=C stretching vibration band near 1650 cm.-1 to change relative to that of the ester carbonyl group near 1720 cm.-1, and there are sharp changes in the intensity of the bands between 1150 and 1350 cm.-1, which may in part be associated with the ester group. With cinnamic acid the biggest changes appear to be in the regions 900 to 1000 and 2600 to 3000 cm.-1, in both cases primarily associated with bonded hydroxyl groups. The absorption of the hydroxyl group deformational mode near 950 cm.-1 is strong when the broad 'association' stretching vibration band between 2600 to 2900 cm.-1 is weak, and vice versa. Other marked changes occur in the region between 1150 and 1300 cm.-1. With adipic acid there are analogous changes of the bands of the hydroxyl groups near 950 and 2700 cm.-1, but variations between 1200 and 1450 cm.-1 also occur which are probably connected with deformational modes of C-H bonds. 800 900 1000 1100 1200 1300 1400 1500 1600 cm-.1 F ig u r e 3. 1, diphenyl acetylene, C6H5C=CC6H5; 2, benzil, C6H5COCOC6H1
Other acids examined, such as succinic acid, show similar alterations of intensity of the bands due to the bonded hydroxyl groups, and this is being more carefully explored with a series of acids and phenolic derivatives. In all these cases it is evident that more detailed measurements may, if used together with a knowledge of the crystal structure, assist in the assignment of vibrational frequencies. With 2.4.6-trichlorophenol there are very marked changes in intensity of the bands near 864, 1150 and 1410 cm.-1.
We have also remeasured the spectra of some compounds of high molecular weight (Thompson & Torkington 19450,6) . The main difficulty here is to obtain the substances in an oriented condition. With stretched crepe rubber, rotation of the sample appears to alter the relative intensities of bands between 1100 and 1250 cm.-1 and near 1600 cm.-1. Stretched polyvinyl alcohol also shows a few such variations. We have also examined the variations with some compounds of the peptide type, such as nylon and myosin. In the latter case it seems likely that information may be obtained bearing upon the question of orientation of molecules in muscle fibre.
While therefore more quantitative deductions about the molecular geometry must await further detailed measurements, it seems certain th a t this new method forms an im portant supplement to crystal analysis and the study of molecular structure.
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